255 words Text: 4176 words ABSTRACT Background: While there is evidence of structural brain alterations in major depressive disorder (MDD), little is known about how this may be affected by age at onset or genetic vulnerability. This study examines whether lifetime episodes of MDD are associated with specific alterations in grey matter volumes and whether this varies according to sex and 5-HTTLPR genotype. Methods: Structural magnetic resonance imaging was used to acquire anatomical scans from 610 community-dwelling participants. Quantitative regional estimates of 16 subregional volumes were derived using FreeSurfer software. MDD was diagnosed according to DSM-IV criteria. Analyses were adjusted for age, sex, total brain volume, education, head injury, and comorbidities. Results: Lifetime MDD was associated with smaller insula, thalamus, ventral diencephalon, pallidum and nucleus accumbens, and larger pericalcarine volumes in men and women. These associations remained after adjusting for the false discovery rate. Lifetime MDD was also associated with smaller caudate nucleus and amygdala in men, and in women, with larger rostral anterior cingulate. Late onset (over age 50) first episodes were associated with larger rostral anterior 4 cingulate, lingual and pericalcarine volumes whereas early onset cases were associated with smaller ventral diencephalon and nucleus accumbens. Some associations differed by 5-HTTLPR genotype; thalamus was smaller in the LL MDD compared to non-MDD participants, and pericalcarine and lingual were greater in the SL heterozygotes.
Introduction
The identification of sociodemographic, environmental and physiopathological factors associated with onset, recovery and relapse in major depressive disorder (MDD) has become a major public health priority given the association of the disorder with high mortality and co-morbidity rates. While there has been considerable research into the clinical characterization of the disorder and its associated risk factors, the neuroanatomical substrates involved in MDD are still unclear, with meta-analyses of structural and functional imaging reporting inconsistent findings. 1 These are likely due to heterogeneity in study design (case-control vs. cohort), setting (general population, in-or out-patients), population (age, sex), and depression characteristics (such as diagnosis or symptoms, comorbidity, age of onset, recurrent episodes, antidepressant treatment), 1 as well as methodological issues (not controlling for total brain volumes, potential confounding or modifying factors, and a diversity of neuroimaging techniques).
The most consistent findings suggest that MDD is associated with dysregulation in neural networks implicated in affective and cognitive processing, as well as autonomic system activity resulting in a heterogeneous array of emotive, cognitive and behavioral abnormalities. 2 Grey matter volume (GMV) changes constitute network nodes in MDD, of which the hippocampus, amygdala, and prefrontal cortex have been extensively examined. 1, [3] [4] [5] [6] Conversely, structural alterations in deep nuclei, notably the pallidum, thalamus, and hypothalamus, as well as in insula and occipital regions have rarely been studied. This is despite accumulating evidence implicating their role in emotion and neuropathology of stress-related affective disorder. [7] [8] [9] [10] The nature and course of volumetric changes may also vary across the life span. 11 Although GM abnormalities within frontal-subcortical and limbic networks are hypothesized to play a key role in the pathophysiology of depression, recent meta-analyses in late-life depression showed that the most consistent evidence for brain volume reductions were found for the hippocampus but not for other brain areas. 1, 5, 12 In these meta-analyses, no distinction was made between current and past (remitted) depression and age of onset was rarely considered. Most studies have been limited to clinical cohorts, which may not be representative of case heterogeneity within the general population. Studies have generally been limited in brain regions and sample size, hence lacking the power to examine modifying factors. More particularly, sex has rarely been examined despite evidence for sexually-dimorphic brain structural and functional differences across the lifespan and their potential implication in sex-biased psychiatric conditions. 13 This may be particularly important for MDD with prevalence, age of onset, symptomatology and etiology differing between the sexes, and given the influence of steroid hormones on brain development and MDD onset throughout the life. 14 Genetic risk factors may also influence brain volumes and/or depression, 15, 16 but are seldom considered.
Serotoninergic genes, notably the genetic variant in the promoter region of the serotonin transporter (5-HTTLPR), have been reported to influence the structure and function of certain brain regions in depressed patients. 17 Whether GMV alterations could be influenced by age-related characteristics (somatic and psychiatric comorbidity) also remains to be addressed.
To address the limitations of previous studies, we investigated the relationship between lifetime MDD and various fronto-subcortical and limbic subregions in a large communitydwelling elderly population. We tested the hypothesis that regional brain structure abnormalities will be more extensive in the participants with lifetime MDD diagnosis and may persist after recovery. We also hypothesized that these abnormalities will differ according to sex and genetic vulnerability to 5-HTTLPR. We also considered age of onset and the effect of physical and psychiatric comorbidity. In the absence of availability of prospective lifetime birth cohort data, the study has been conducted retrospectively on elderly people for whom both lifetime MDD episodes and genotype have been recorded. 
Methods

Participants
MRI protocol and image analysis
All the neuroimaging scans were acquired using the same scanner at the examination centre (Gui de Chauliac Neurology Hospital, Montpellier, France 
5-HTTLPR genotyping
Blood samples were collected after the baseline clinical interview, enabling DNA extraction and 5-HTTLPR genotyping as described 35 and replicate independent genotyping was performed using buccal DNA extracts. 32
Statistical analysis
Brain volume measurements were normally distributed.
Associations between brain regions and lifetime MDD were evaluated using ANCOVA adjusted for age, sex, and total brain volume (Model M0). Where significant associations were observed, exploratory analyses were used to assess the specificity of these findings. 36, 37 To account for the multiple brain regions examined, we adjusted the significance levels using the false discovery rate (FDR) method. 38 All tests were 2-sided and SAS (v9.4, SAS Institute, Inc.,NC) was used for the statistical analyses. Table   S1 ). These covariates accounted for a relatively small proportion of the variance in each volume, with the standardized regression coefficients ranging between -0.338 to +0.257 ( Supplementary Table S2 ).
Results
Participant characteristics
In our sample, 576 participants also had diagnosis for lifetime anxiety disorder and a similar pattern was observed after controlling for anxiety disorder (data not shown). We conducted sensitivity analysis excluding 41 participants currently depressed or taking antidepressants, and similar patterns were observed except for a slightly weaker association for the nucleus accumbens but stronger for the lingual region ( Supplementary Table S3 ).
Subsegmental brain regions according to the age at first major depressive episode
Of the participants with lifetime MDD, 56.5% reported a first onset before 50 years of age. Compared to the participants without lifetime MDD, volumes in rostral ACC, lingual and pericalcarine appeared larger for those with late episode (after 50 years), whereas smaller volumes of ventral diencephalon and nucleus accumbens appeared more related to earlier MDD onset ( Supplementary Table S4 ).
Exploratory analyses according to sex
An interacting effect of sex was observed for amygdala (p- respectively) but not in women (-0.8%, p=0.567, -0.2%, p=0.886). Conversely, only women with lifetime MDD had a larger volume of rostral ACC (+6.3%, p=0.003 compared with -1.2% in men, p=0.682) ( Fig. 1) .
Exploratory analyses as a function of 5-HTTLPR genotype
Thirty percent of the participants were homozygous carriers of the L allele and 23.2% were SS. The 5-HTTLPR genotype frequency did not significantly deviate from Hardy-Weinberg equilibrium (p=0.17). Compared to the participants without MDD, lifetime MDD was associated with smaller thalamus in the LL participants only (-4.9%, p=0.002, compared with -1.2%, p=0.274 and +0.3%, p=0.862 in SL and SS, respectively) ( Table   3 ). Significant differences were found specifically for the SL participants with lifetime MDD on insula, ventral diencephalon, lingual, and most significantly pericalcarine volume (+8.2%, p=0.003 compared with +2.5%, p=0.407 and +2%, p=0.551 in LL and SS participants, respectively). We observed the same pattern after excluding the participants with current MDD or taking antidepressant, but the association with ventral diencephalon was weakened (p=0.060) and that with lingual was strengthened (p=0.005 in M0 and 0.001 in M2) (data not shown).
Discussion
Lifetime MDD was associated with many GMV differences when compared to non-cases. which may explain the lack of significant associations. A highly significant difference was however, found with rostral ACC, which was larger in women with lifetime MDD. Voxel-based morphometry (VBM) studies have reported larger cingulate gyri in remitted geriatric depression, 41 as well as larger ACC in medication wash-out young adult MDD patients. 42 In healthy adults, a negative association was shown between GMV and stress-related brain activity in perigenual ACC. 43
Basal nuclei
In our study, lifetime MDD was associated with decreased volumes of several basal nuclei. Smaller caudate nuclei have been reported in adult patients 3, 40 and in late-life depression, the effect sizes increased with age and with smaller percentage of women. 6 Consistently, we found that lifetime MDD was associated with smaller caudate in men specifically and the association was strengthened after adjusting for several confounders including antidepressants and anxiety disorder (-8.6%, p=0.0025 in M2).
Some meta-analyses on the putamen reported significant volume reduction in lifetime MDD, 3,6 others in early but not late onset, 40 nor current MDD. 5 Other studies found that associations were limited to severe or persistent subtypes. 39 We found a marginal association between lifetime MDD and smaller putamen (p=0.055 after FDR correction) and a greater reduction in those with recurrent episodes (global p-value=0.042).
We also found an association between lifetime MDD and smaller volumes of nucleus accumbens and pallidum. These regions were rarely examined and meta-analyses of studies mainly including adult patients with acute or lifetime MDD failed to report significant associations. 5, 21 In an analysis of a high-dimensional set of over 11,000 traits, pallidum volume was reported to be a main endophenotype related to recurrent depression. 9 We also observed a greater reduction in the participants having reported multiple episodes compared to those with only one or no previous episode (global p-value=0.013).
Lifetime MDD was also associated with smaller thalamus and ventral diencephalon, a region primarily comprising the hypothalamus. Small meta-analyses of the thalamus reported moderate 6, 21 Whether pericalcarine and lingual region could participate to neuronal compensatory process to facilitate processing of aversive stimuli and fear or emotional learning in response to abnormal input from other structures, or reflect resilience against relapse, remains to be examined.
5-HTTLPR genotype
Most previous studies have examined the effect of 5-HTTLPR on GMVs in either depressed or healthy participant groups, but rarely as a modifying factor between MDD risk and GM alterations. 17 There are generally size-limited and focused on the hippocampus and amygdala but rarely on striatum or thalamus where 5-HTT is expressed in high density. The vast majority of the structural imaging genetic studies did not consider SL genotype individually despite a lack of consensus regarding genetic model and frequent report of heterosis for 5-HTTLPR. 37 Heterogeneity in age is another potential source of concern; 48 unlike in younger populations where the S allele is a risk factor, the LL genotype appears to be a risk factor for mental and physical distress in elderly people highly exposed to chronic disorders and severe stressors. 49 We found no significant volumetric differences according to 5-HTTLPR in each group (with or without lifetime MDD) (data not shown) but significant between-group differences.
Particularly, the thalamus was smaller in the LL homozygotes with lifetime MDD whereas the SL heterozygotes only, had larger pericalcarine and lingual volumes compared to their non-MDD counterparts. The thalamus is rich in serotonergic neurons and reduced 5-HTT availability has been described in the thalamus of depressed patients 50 but data on the effect of 5-HTTLPR genotype are lacking and no studies have examined the pericalcarine or lingual regions despite some indication for serotonergic occipital dysfunction in depression. 51 The same data were found after excluding currently depressed or treated participants, suggesting that these findings were related to serotonergic vulnerability to the disorder.
In a subsample of the Esprit study, we reported that past MDD and stressful events were risk factors for current depression in LL homozygotes specifically, whereas the SL heterozygotes were more resilient to these factors. 36 We also found that some adverse events during childhood, e.g. sexual or physical abuse and having had a mother with mental problems were associated with higher risk of late-life depression 35 but decreased risk of cognitive decline notably in visual memory. 52 This suggests possible cognitive adaptation or resilience effect. Although speculative, this may suggest that the pericalcarine and lingual region could participate in a persistent neuronal compensatory process in the SL heterozygotes with a history of MDD.
Sex differences
We found some evidence for sexually dimorphic alterations, with smaller caudates and amygdalae in men with lifetime MDD, and larger rostral ACC in women specifically. Specific sex differences in depression symptomatology of older adults have been described, with women showing more mood-related symptoms and appetite disturbance, and men more motivation-related symptoms and psychomotor changes 14 and this may involve different biological correlates. However, only a few neuroimaging studies have investigated sex effects, with many including predominantly females and, likely as a consequence, meta-analyses have seldom reported sex differences. 5, 10 In a healthy sample mainly consisting of older women, larger ACC was associated with higher levels of anhedonia. 53 Valence-dependent sex differences in emotional reactivity with divergent activation patterns, notably in the ACC and irritability, impulsivity) remains to be examined.
Context of the findings
Retrospectively determined incidence of lifetime MDD was found to be associated in our study with smaller striatum, pallidum, thalamus, hypothalamus, and insula but larger 
